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APPENDIX A

SCANNING ELECTRON MICROGRAPHS OF
THE Pu/U-DOPED, Ce/U-DOPED AND Th/Np-

DOPED SAMPLES FIRED IN ARGON AT 1350°C
FOR 4 HOURS
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Figure A-1: (a) Secondary electron micrograph and (b) backscattered electron micrograph
of mws980088 (Task 1.4, 2+ (Mg, Co, Ni, Cu, Zn)-doped batch, sintered at 1350°C in Ar
for 4 hours). The pellet consists of a matrix of pyrochlore (P), 2M zirconolite (2M, light
grey-white), perovskite (V, dark-grey roundish grains), ulvospinel (U, darkest-grey
angular grains) and a small amount of porosity (A).
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Figure A-2: (a) Secondary electron micrograph and (b) backscattered electron micrograph
of mws980224 (Task 1.4, 2+ (Mg, Co, Ni, Cu, Zn, Mn, Fe)-doped batch, sintered at
1350°C in Ar for 4 hours). The pellet consists of a matrix of pyrochlore (P), 2M
zirconolite (2M, lightest grey), perovskite (V, dark-grey grains), ulvospinel (U, darkest-
grey angular grains) and porosity (A).
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Figure A-3: (a) Secondary electron micrograph and (b) backscattered electron micrograph
of mws980090 (Task 1.4, 3+ (Al, V, Cr, Fe, Mn, Ga)-doped batch, sintered at 1350°C in
Ar for 4 hours). The pellet consists of a pyrochlore (P), 2M zirconolite (2M, lighter
elongated grains), a loveringite-like phase (L, dark-grey roundish grains), and porosity
(A).
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Figure A-4: (a) Secondary electron micrograph and (b) and (c) backscattered electron
micrograph of mws980225 (Task 1.4, 3+ (Al, Cr, Fe, Mn, Ga)-doped batch, sintered at
1350°C in Ar for 4 hours). Figure (c) is taken at a different contrast to illustrate the 2M
zirconolite. The pellet consists of a matrix of pyrochlore and 2M zirconolite (2M,
elongated-platy grains in the matrix (c)), a loveringite-like phase (L, dark-grey),
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Figure A-5: (a) Secondary electron micrograph and (b) backscattered electron micrograph
of mws980092 (Task 1.4, 4+ (Zr, Sn, Hf)-doped batch, sintered at 1350°C in Ar for 4
hours). The pellet consists of a matrix, which is a mixture of pyrochlore and 4M
zirconolite, 2M zirconolite (2M, darker grey elongated grains), Hf-Zr-titanate (H, small,
light-grey roundish grains), brannerite, (B, white grains), Hf-doped rutile (R, black to
dark-grey grains), and porosity (A).
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Figure A-6: (a) Secondary electron micrograph and (b) backscattered electron micrograph
of mws980094 (Task 1.4, 5+ (Nb, Ta)-doped batch, sintered at 1350°C in Ar for 4 hours).
The pellet consists of a pyrochlore matrix (P), brannerite (B, light-grey grains), rutile (R,
dark-grey grains), and porosity (A).
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Figure A-7: (a) Secondary electron micrograph and (b) backscattered electron micrograph
of mws980096 (Task 1.4, 6+ (Mo, W)-doped batch, sintered at 1350°C in Ar for 4 hours).
The pellet consists of a pyrochlore matrix (P), brannerite (B, light-grey grains), rutile (R,
dark-grey grains), and powellite/scheelite (Ca(Mo,W)O4) (D, mid-grey phase with some
associated porosity) and porosity (A).
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Figure A-8: (a) Secondary electron micrograph and (b) backscattered electron micrograph
of Pu107-01 (Task 1.4, 2+ (Mg, Co, Ni, Cu, Zn, Mn, Fe) doped batch, sintered at 1350°C
in Ar for 4 hours). The pellet consists of a matrix of pyrochlore of two distinct
compositions, bright and dark domains (P), ulvospinel (U, dark-grey grains) and porosity
(A).
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Figure A-9: (a) Secondary electron micrograph and (b) backscattered electron
micrograph of Pu108-01 (Task 1.4, 3+ (Al, Cr, Fe, Mn, Ga)-doped batch, sintered at
1350°C in Ar for 4 hours). The pellet consists of a matrix of pyrochlore (P, light grey)
and 2M zirconolite (2M), loveringite (L, dark-grey), magnetoplumbite-like phase (N,
black in (b)) and porosity (A).
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Figure A-10: (a) Secondary electron micrograph and (b) backscattered electron
micrograph of Pu109-01 (Task 1.4, 4+ (Zr, Sn, Hf)-doped batch, sintered at 1350°C in Ar
for 4 hours). The pellet consists of a matrix, which is a mixture of pyrochlore (grey) and
2M zirconolite (dark-grey, elongated grains in (b)). Also present are Hf-Zr-titanate (H),
brannerite, (B, lightest-grey grains), Hf-doped rutile (R, Black to dark-grey grains), and
porosity (A). There is also < 1 vol. % (Pu,U)O2 (O, white spots inside brannerite grains).

(a)

(b) 10 µm

H

H
B

B

A

R

R

O
O



A-11

`

A

A

R

R

P

P

B

B

O

Figure A-11: (a) Secondary electron micrograph and (b) backscattered electron
micrograph of Pu110-01 (Task 1.4, 5+ (Nb, Ta)-doped batch, sintered at 1350°C in Ar for
4 hours). The pellet consists of a pyrochlore matrix (P), brannerite (B, lighter grey than
pyrochlore), rutile (R, dark-grey grains) << 1 vol. % (Pu,U)O2 (O, white spots in
brannerite), and porosity (A).
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(a)

(b) 10 µm

Figure A-12: (a) Secondary electron micrograph and (b) backscattered electron
micrograph of Pu111-01 (Task 1.4, 6+ (Mo, W)-doped batch, sintered at 1350°C in Ar for
4 hours). The pellet consists of a pyrochlore matrix (P), brannerite (B, light-grey grains),
rutile (R, dark-grey grains), and powellite/scheelite (Ca(Mo,W)O4) (D, mid-grey phase,
which has some associated porosity) and porosity (A).
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Figure A-13: (a) Secondary electron micrograph and (b) backscattered electron
micrograph of Np48 (Task 1.4, Np/Th-doped batch, alkoxide-route, sintered at 1350°C in
Ar for 4 hours). The pellet consists of pyrochlore matrix (P) with Th/Np/Ce/U-brannerite
(B, light-grey) grains, (Ce,Gd,Th,U,Np)O2 (O, fine white grains) and porosity (A).
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APPENDIX B

SCANNING ELECTRON MICROGRAPHS OF
THE Pu/U-DOPED AND Ce/U-DOPED SAMPLES

FIRED IN AIR AT 1350°C FOR 4 HOURS
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Figure B-1: (a) Secondary electron micrograph and (b) backscattered electron micrograph of
980226 (T k 1 4  2+ (M  C  Ni  C  Z  M  F ) d d b t h  i t d t 1350°C i  i  f  4
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Figure B-2: (a) Secondary electron micrograph and (b) backscattered electron
micrograph of mws980227 (Task 1.4, 3+ (Al, Cr, Fe, Mn, Ga)-doped batch, sintered
at 1350°C in air for 4 hours). The pellet consists of a matrix of pyrochlore (lighter
grey) and 2M zirconolite (darker-grey), a loveringite-like phase (L, fine dark-grey
grains), and porosity (A).

(a)

(b) 10 µm

A

L

L

A



B-3

`

Figure B-3: (a) Secondary electron micrograph and (b) backscattered electron micrograph
of mws980201 (Task 1.4, 4+ (Zr, Sn, Hf)-doped batch, sintered at 1350°C in air for 4
hours). The pellet consists of a pyrochlore matrix (P); 2M zirconolite (2M, darker grey
elongated grains), Hf-Zr-titanate (H, small, light-grey roundish grains), Hf-doped rutile
(R, Black to dark-grey grains), and porosity (A).
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Figure B-4: (a) Secondary electron micrograph and (b) backscattered electron micrograph
of mws980202 (Task 1.4, 5+ (Nb, Ta)-doped batch, sintered at 1350°C in air for 4 hours).
The pellet consists of a pyrochlore matrix (P), rutile (R, dark-grey grains), and porosity
(A).
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(a)

(b) 10 µm

Figure B-5: (a) Secondary electron micrograph and (b) backscattered electron micrograph
of mws980203 (Task 1.4, 6+ (Mo, W)-doped batch, sintered at 1350°C in air for 4 hours).
The pellet consists of a pyrochlore matrix (P), brannerite (B, light-grey grains), rutile (R,
dark-grey grains), and powellite/scheelite (Ca(Mo,W)O4) (D, mid-grey phase with some
associated porosity) and porosity (A).
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Figure B-6: (a) Secondary electron micrograph and (b) backscattered electron micrograph
of Pu107-02 (Task 1.4, 2+ (Mg, Co, Ni, Cu, Zn, Mn, Fe) doped batch, sintered at 1350°C
in air for 4 hours). The pellet consists of a matrix of pyrochlore (P), 2M zirconolite (2M,
elongated-plate-like grains), ulvospinel (U, dark-grey grains) and porosity (A).
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Figure B-7: (a) Secondary electron micrograph and (b) backscattered electron
micrograph of Pu108-02 (Task 1.4, 3+ (Al, Cr, Fe, Mn, Ga)-doped batch, sintered at
1350°C in air for 4 hours). The pellet consists of a matrix of pyrochlore (P, light grey)
and 2M zirconolite (2M, darker grey in matrix), a loveringite-like phase (L, dark-grey),
<< 1 vol. % (Pu,U)O2 (O, white spots) and porosity (A).
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Figure B-8: (a) Secondary electron micrograph and (b) backscattered electron micrograph of
Pu109-01 (Task 1.4, 4+ (Zr, Sn, Hf)-doped batch, sintered at 1350°C in air for 4 hours). (c) is a
blow up of part of (b) with the contrast varied to illustrate the Hf-Zr-titanate phase. The pellet
consists of a matrix of pyrochlore (grey), 2M zirconolite (dark-grey grains in (b)). Also present are
Hf Zr titanate (H) which has a similar contrast to the pyrochlore (fig  (c) is given to illustrate this
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Figure B-9: (a) Secondary electron micrograph and (b) backscattered electron micrograph
of Pu110-02 (Task 1.4, 5+ (Nb, Ta)-doped batch, sintered at 1350°C in air for 4 hours).
The pellet consists of a pyrochlore matrix (P), brannerite (B, a lighter grey than
pyrochlore), rutile (R, dark-grey grains), << 1 vol. % (Pu,U)O2 (O, white spots associated
with the brannerite), and porosity (A).

(a)

(b) 10 µm



B-10

`

(a)

(b) 10 µm

Figure B-10: (a) Secondary electron micrograph and (b) backscattered electron
micrograph of Pu111-02 (Task 1.4, 6+ (Mo, W)-doped batch, sintered at 1350°C in air for
4 hours). The pellet consists of a pyrochlore matrix (P), brannerite (B, light-grey grains),
Hf-doped rutile (R, dark-grey grains), and powellite/scheelite (Ca(Mo,W)O4) (D, mid-
grey phase, with associated porosity) and porosity (A).
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APPENDIX C

SCANNING ELECTRON MICROGRAPHS OF
THE Pu/U-DOPED AND Ce/U-DOPED SAMPLES

FIRED IN 3.7 % H2/ARGON AT 1350°C FOR 4
HOURS



C-1

Figure C-1: (a) Secondary electron micrograph and, (b) and  (c) backscattered electron
micrograph of mws980336 (Task 1.4, 2+ (Mg, Ni, Cu, Zn, Fe, Mn)-doped batch, sintered
at 1350°C in 3.7 % H2/Ar for 4 hours). The pellet consists of a matrix of what is believed
to be 4M zirconolite (4M, light-grey), perovskite (V, darker grey), a Mg-Hf-Ti-O phase
(G  dark-grey grains)  metallic Fe-Cu-Ni-Co alloy (Y  small mid-grey grains) and a small
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Figure C-2: (a) and Secondary electron micrograph and, (b) and (c) backscattered electron
micrograph of mws980337 (Task 1.4, 3+ (Al,Cr,Mn,Fe,Ga)-doped batch, sintered at 1350°C
in 3.7 % H2/Ar for 4 hours). The pellet consists of pyrochlore (P, light-grey), 2M zirconolite
(2M, light grey) perovskite (V, dark grey), Fe3Ga (F, small mid-grey grains), a small amount
f hib i  (H  l d bl k i ) d i  (A)
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C-3

Figure C-3: (a) Secondary electron micrograph and (b) backscattered electron micrograph
of mws980204 (Task 1.4, 4+ (Zr,Sn,Hf)-doped batch, sintered at 1350°C in 3.7 % H2/Ar
for 4 hours). The pellet consists of pyrochlore (P, mid-grey), 2M zirconolite (2M, darker
grey), Sn metal (N, light-grey-white grains), perovskite (V, dark-grey grains in (a)) and
porosity (A).

(b)

(a)

A

A

P

P

N

2M

N

V

V

10 µm



C-4

P

Figure C-4: (a) Secondary electron micrograph and (b) backscattered electron micrograph
of mws980205 (Task 1.4, 5+ (Nb,Ta)-doped batch, sintered at 1350°C in 3.7 % H2/Ar for
4 hours). The pellet consists of a pyrochlore (P, light-grey) matrix with 2M zirconolite
(2M, mid-grey), Ta-Nb-Hf-doped rutile (R, dark-grey grains) and porosity (A).
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Figure C-5: (a) Secondary electron micrograph and (b) backscattered electron micrograph
of mws980206 (Task 1.4, 6+ (Mo,W)-doped batch, sintered at 1350°C in 3.7 % H2/Ar for
4 hours). The pellet consists of a pyrochlore (P) matrix with zirconolite, which is believed
to be the 2M polytype (2M, needle-like phase), perovskite (V, dark-grey grains), a W-Mo
metallic alloy (L, white spots) and porosity (A).
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APPENDIX D

SCANNING ELECTRON MICROGRAPHS OF
THE LLNL GLASS-DOPED SAMPLES
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Figure D-1: (a) Secondary electron micrograph and (b) backscattered electron micrograph
of mws980231 (Task 1.4, LLNL glass-doped batch, sintered at 1250°C in Ar for 4 hours).
The pellet consists of pyrochlore (P, grey blocky grains), 2M zirconolite (2M, grey
elongated grains), brannerite (B, whiteish grains), Hf-doped rutile (R, dark-grey phase),
an intergranular silicate phase (black regions between the grains), a small amount of
plagioclase (C, associated with the glass) and porosity (A).
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D-2

Figure D-2: (a) and (b) Secondary electron micrograph and (c) backscattered electron micrograph of
mws980232 (Task 1.4, LLNL glass-doped batch, sintered at 1300°C in Ar for 4 hours). The pellet
consists of pyrochlore (P, grey blocky grains), 2M zirconolite (2M, grey elongated grains), brannerite
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Figure D-3: (a) and (b) Secondary electron micrographs and (c) backscattered electron micrograph of
mws980338 (Task 1.4, LLNL glass-doped batch, sintered at 1350°C in Ar for 4 hours). The pellet
consists of pyrochlore (P, grey blocky grains), 2M zirconolite (2M, grey elongated grains), brannerite
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Figure D-4: (a) Secondary electron micrograph and (b) backscattered electron micrograph
of mws980388 (Task 1.4, LLNL glass-doped batch with additional Al, sintered at 1300°C
in Ar for 4 hours). The pellet consists of pyrochlore (P, light grey), 2M zirconolite (2M,
grey elongated grains), brannerite (B, smaller whitish grains), Hf-doped rutile (R, dark-
grey phase), plagioclase (C, black ~ 1µm grains), magnetoplumbite (G), a small amount
of silicate phase (S, black angular regions) and porosity (A).
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Figure D-5: (a) Secondary electron micrograph and (b) backscattered electron micrograph
of mws980389 (Task 1.4, LLNL glass-doped batch with additional B, sintered at 1300°C
in Ar for 4 hours). The pellet consists of pyrochlore (P, light grey), 2M zirconolite (2M,
grey elongated grains), brannerite (B, smaller whitish grains), Hf-doped rutile (R, dark-
grey phase), a silicate phase (S, dark grey regions between grains) and porosity (A).
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Figure D-6: (a) Secondary electron micrograph and (b) backscattered electron micrograph
of mws980390 (Task 1.4, LLNL glass-doped batch with additional Na and K, sintered at
1300°C in Ar for 4 hours). The pellet consists of pyrochlore (P, light grey), 2M zirconolite
(2M, grey elongated grains), perovskite (V, dark-grey phase), a silicate phase (S, dark
grey-black regions between grains) and porosity (A).
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APPENDIX E

X-RAY DIFFRACTION RESULTS OF THE
SAMPLES FROM TASK 1.4



E APPENDIX E X-RAY DIFFRACTION RESULTS

The following Table (E-1) contains a list of the raw data files. Note that those starting with t
are Scintag Diffractometer files (Cu K-alpha radiation) and those starting with S are Siemens
D500 Diffractometer data files (Co K-alpha). The patterns are from polished surfaces of
pellets. The broad low angle peak in the patterns is from the resin used to mount the samples.

Table E-1 Raw X-ray files of samples from the families of equivalent elements tested.
Samples were sintered for 4 hours at 1350°C, except for the glass-doped batches.

Description Elements Raw Data
Files

Sintering
atmosphere

Ar Air 3.7% H2/Ar
Ce/U-doped samples
2+ Mg, Co, Ni, Cu, Zn t1446, S14397 - -
2+ with Mn and Fe Mg, Co, Ni, Cu, Zn, Mn, Fe t1449, S14644 t1451, S14646 S14834
3+ Al, V, Cr, Mn, Fe, Ga t1447, S14406 - -
3+ no V Al, Cr, Mn, Fe, Ga t1450, S14645 t1452, S14647 S14641
4+ Sn, Zr, Hf t1448, S14399 t1453, S14562 t1454, S14642
5+ Nb, Ta S14400 S14563 S14642
6+ Mo, W S14401 S14566 S14643
4+ actinides Th, Np t1240 - -

Pu/U-doped samples
2+ with Mn and Fe Mg, Co, Ni, Cu, Zn, Mn, Fe t1421 t1422 -
3+ no V Al, Cr, Mn, Fe, Ga t1419 t1423 -
4+ Sn, Zr, Hf t1420 t1429 -
5+ Nb, Ta t1345 t1425 -
6+ Mo, W t1346 t1426 -

Glass-doped
1250°C Baseline + LLNL Glass S15163
1300°C Baseline + LLNL Glass S15162
1350°C Baseline + LLNL Glass S14836,

S15164
1300°C Baseline + LLNL Glass +

Additional Al
S14944

1300°C Baseline + LLNL Glass +
Additional B

S14945

1300°C Baseline + LLNL Glass +
Additional K and Na

S14946



The raw data files are on the enclosed computer disk.

Table E-2 contains the phases detected by XRD from the above patterns.

Table E-2: Phases detected by x-ray diffraction

Description Elements Phases
Detected #,$

Sintering
atmosphere

Ar Air 3.7% H2/Ar
Ce/U-doped samples
2+ Mg, Co, Ni, Cu, Zn Py, 2M, Pv, Us - -
2+ with Mn and Fe Mg, Co, Ni, Cu, Zn, Mn, Fe Py, 2M, Pv, Us Py, 2M, Us Py or 4M?, Pv,

Fe
3+ Al, V, Cr, Mn, Fe, Ga Py, 2M, L - -
3+ no V Al, Cr, Mn, Fe, Ga Py, 2M, Pv, L? Py, 2M, L? Py, 2M,  Pv
4+ Sn, Zr, Hf Py, 2M, 4M?,

B, R
Py, B, R, H Py or 4M?,

2M, Pv, Sn
5+ Nb, Ta Py, B, R Py, R Py, 2M, R
6+ Mo, W Py, B, R, Sc Py, B, R, Sc Py, Pv, R, Mo
4+ actinides Th, Np Py, B, A - -
Pu/U-doped samples
2+ with Mn and Fe Mg, Co, Ni, Cu, Zn, Mn, Fe Py, Us Py, 2M, Us
3+ no V Al, Cr, Mn, Fe, Ga Py, 2M, L? Py, 2M, L
4+ Sn, Zr, Hf Py, 2M, B, H? Py, B, H
5+ Nb, Ta Py, B, R Py, B, R
6+ Mo, W Py, B, R, Sc Py, B, R, Sc
Glass-doped
1250°C Baseline + LLNL Glass Py, B, R, 2M - -
1300°C Baseline + LLNL Glass Py, B, R, 2M? - -
1350°C Baseline + LLNL Glass Py, B, R - -
1300°C Baseline + LLNL Glass +

Additional Al
Py, B, 2M R? - -

1300°C Baseline + LLNL Glass +
Additional B

Py, B, 2M?, R? - -

1300°C Baseline + LLNL Glass +
Additional K and Na

Py, Pv, 2M? - -

#  Py = pyrochlore, 4M = 4M zirconolite, 2M = 2M zirconolite, H = Hf-Zr titanate, R = hafnia–doped
rutile, B = brannerite (Ce/U-brannerite, Th/U-brannerite or Pu/U-brannerite), Pv = Perovskite, Us = ulvospinel,
L = loveringite, Sc = scheelite-powellite  (Ca(Mo,W)O4) solid solution, A = actinide-rare earth oxide, Sn =
metallic tin, Mo = W-Mo alloy, Fe = Fe-Ni-Co-Cu alloys

$ ? = not yet rigorously identified, either due to small peaks and/or possible overlap with major peaks
from other phases, or issue still to be resolved (e.g., 4M vs pyrochlore)
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APPENDIX F: EDS ANALYSES OF PHASES IN TASKS 1.4

1.1 KEY TO PHASE ABBREVIATIONS USED IN TABLES

oxide  (U,Pu)O2
bran brannerite
pyr pyrochlore
2M zirc 2M zirconolite
4M zirc 4M zirconolite
per perovskite
rutile rutile
ulvo ulvospinel
Mg-Ti-O unidentified magnesium titanate phase
lovng loveringite-like phase
mplm magnetoplumbite
plagio plagioclase
alloy metallic alloy
silicate alumino-silicate phase, probably a glass
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